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1 | INTRODUCTION

The olive (Olea europaea L.), a commercially significant crop in the
Mediterranean region, is renowned for its fruits, which are utilized for
both table consumption and oil production. As one of the oldest culti-
vated trees, it holds a prominent place in agricultural history

Fatih Sezer? |

Kemal Melih Taskin?

Abstract

Strigolactones (SLs), synthesized in plant roots, play a dual role in modulating plant
growth and development, and in inducing the germination of parasitic plant seeds
and arbuscular mycorrhizal fungi in the rhizosphere. As phytohormones, SLs are cru-
cial in regulating branching and shaping plant architecture. Despite the significant
impact of branching strategies on the yield performance of fruit crops, limited
research has been conducted on SLs in these crops. In our study, we identified the
transcript sequences of SL biosynthesis and signaling genes in olive (Olea europaea
L.) using rapid amplification of cDNA ends. We predicted the corresponding protein
sequences, analyzed their characteristics, and conducted molecular docking with bio-
informatics tools. Furthermore, we quantified the expression levels of these genes in
various tissues using quantitative real-time PCR. Our findings demonstrate the pre-
dominant expression of SL biosynthesis and signaling genes (OeD27, OeMAX3,
OeMAX4, OeMAX1, OeD14, and OeMAX2) in roots and lateral buds, highlighting their
importance in branching. Treatment with rac-GR24, an SL analog, enhanced the ger-
mination frequency of olive seeds in vitro compared with untreated embryos. Con-
versely, inhibition of SL biosynthesis with TIS108 increased lateral bud formation in a
hard-to-root cultivar, underscoring the role of SLs as phytohormones in olives. These
results suggest that modifying SL biosynthesis and signaling pathways could offer

novel approaches for olive breeding, with potential applicability to other fruit crops.
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(Rugini, 1986; Zohary et al., 2012). Olive production represents a vital
agricultural industry with substantial economic potential. However,
classical breeding programs for olives are notably time-consuming
(Fabbri et al., 2009). Consequently, the tree’s branching structure is of
particular importance for propagation and yield. While numerous
studies have focused on the physiological aspects of olives, such as
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the fatty acids and phenolic compounds in olive oil, fruits, or leaves
(Ballus et al., 2014; Scoditti et al., 2014; Talhaoui et al., 2015), there is

a notable gap in the literature regarding the molecular mechanisms
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underlying olive branching.

Strigolactones (SLs), a class of compounds derived from caroten-
oids, function dually as signaling molecules and endogenous phyto-
hormones. In the rhizosphere, SLs are detected by the seeds of
parasitic plants, triggering germination (Cook et al., 1966), and by
mycorrhizal fungi, facilitating symbiosis (Akiyama
et al., 2005; Fiorilli et al., 2019). Additionally, SLs are pivotal in con-
trolling plant architecture; they suppress lateral bud formation and
shoot branching (Gomez-Roldan et al., 2008; Umehara et al., 2008).
Beyond these roles, SLs contribute to the increase in internodal dis-

arbuscular

tance and stem elongation (de Saint Germain et al, 2013; Guan
et al., 2012), regulate leaf senescence (Snowden et al., 2005; Van
Dingenen et al., 2023; Yamada et al., 2014), and are involved in trans-
verse thickening (Agusti et al., 2011). Furthermore, SLs influence leaf
morphology (Stirnberg et al., 2002) and exhibit a positive response to
environmental stresses such as drought, cold, salt, and heavy metal
exposure (Ha et al., 2014; Tai et al., 2017; Wang et al., 2023).

SLs possess a tricyclic lactone structure composed of A-, B-, and
C-rings, coupled with a butenolide (D-ring) via an enol ether bond. The
D-ring is predominantly regarded as essential for SLs' biological activity
(Umehara et al., 2015). SLs that contain complete ABC rings and a
D-ring are classified as canonical SLs, whereas those with incomplete
ABC rings but still retaining a D-ring are termed non-canonical SLs (Al-
Babili & Bouwmeester, 2015; Yoneyama, Mori, et al., 2018).

Primarily synthesized in the roots, SLs are translocated to the aerial
parts of the plant (Booker et al., 2005) (Figure 1). The biosynthetic path-
way of SLs initiates in the plastids with an isomerization reaction, fol-
lowed by several cleavage steps. Initially, all-trans-p-carotene undergoes
isomerization to 9-cis-B-carotene catalyzed by the DWARF27 (D27)
enzyme (Alder et al., 2012). Subsequently, CCD7 (carotenoid cleavage
dioxygenase 7/MAX3—more axillary growth 3) cleaves 9-cis-p-carotene
into 9-cis-B-apo-10'-carotenal (Booker et al., 2004; Chen, Wang,
et al.,, 2022), which is then transformed into carlactone by CCD8 (carot-
enoid cleavage dioxygenase 8/MAX4—more axillary growth 4) (Alder
et al.,, 2012; Schwartz et al.,, 2004; Seto et al., 2014). In the subsequent
step, a cytochrome P450 enzyme, coded by MAX1 (more axillary growth
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1), converts carlactone to 5-deoxy-strigol in the cytoplasm. MAX1 is
first identified for Arabidopsis thaliana (Booker et al., 2005). Recent
studies also revealed that MAX1 homologs can also convert carlactone
to carlactonic acid, to 4-deoxyorobanchol, to orobanchol, or to methyl
carlactonoate (Abe et al, 2014; Brewer et al., 2016; Chen, Song,
et al., 2023; Cui et al, 2023; Ito et al., 2022; Yoneyama, Xie,
et al,, 2018; Zhang et al., 2014).

In plants, SL perception involves a series of enzymatic interactions.
DWARF14 (D14), an o/f hydrolase protein, facilitates the hydrolytic
cleavage of the D-ring of SLs (Arite et al., 2009), resulting in the forma-
tion of a D14/D-ring complex. After this step, a suppressor protein
binds the complex and blocks SL signaling (Jiang et al., 2013; Zhou
et al., 2013). Later, MAX2 (More Axillary Branches 2), as a member of
the SCF (S-phase kinase-associated protein (Skp)1-Cullin-F-Box)-
ubiquitin complex, catalyzes ubiquitination of the suppressor protein
and initiates the SL signaling (Jiang et al., 2013; Zhou et al., 2013).

Because the production via seeds is a long and slow process, olive
is mostly propagated via cuttings in a moist environment (Fabbri
et al., 2004). However, some agriculturally important olive cultivars
can only be propagated by inoculation because their rooting capacities
are very limited (Cetintas Gerakkakis & Ozkaya, 2005). Ayvalik olive
cultivar is an easy-to-root (ER) cultivar and one of the most common
cultivars grown in Turkey for olive oil, while Domat, which bears large
fruits, is a hard-to-root (HR) cultivar and traditional plant growth regu-
lator (PGR) applications (such as indole butyric acid) are insufficient
for inducing rooting.

In this study, we conducted molecular characterization and bioin-
formatic analysis of the SL biosynthesis (OeD27, OeMAX3, OeMAX4,
and OeMAX1) and signaling genes (OeD14 and OeMAX2). We deter-
mined the expression levels of these genes in various tissues of the
“Ayvalik” and “Domat” olive cultivars, including apical buds, lateral
buds, leaves, and roots for “Ayvalik,” and the basal portion of the cut-
tings for “Domat,” where root samples were unobtainable. This analy-
sis of SL genes in olive aims to shed light on the molecular
mechanisms of shoot branching in woody plants. Furthermore, we
examined the impacts of rac-GR24, an SL analog, and TIS108, an SL
biosynthesis inhibitor, on “Ayvalik” (ER) and “Domat” (HR) olive
explants under in vitro conditions. Under tissue culture conditions, we

assessed seed and embryo germination rates, root lengths, lateral
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FIGURE 1 Strigolactone biosynthesis and signaling pathway (based on Czarnecki et al., 2013).
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branching, and internode lengths, using both MS and olive media sup-
plemented with various concentrations of rac-GR24 and TIS108.
Notably, TIS108, a triazole-type inhibitor, selectively targets cyto-
chrome P450 proteins like MAX1s (Ito et al., 2013; Ito et al., 2022).
The effects of these PGRs were also investigated on nodal explants
cultured in vitro.

While the majority of SL studies use model organisms such as rice
or A. thaliana. However, little is known about SLs in fruit crops in
which control of branching is one of the most important agricultural
characteristics. This study demonstrates that SL biosynthesis and sig-
naling genes are conserved in woody perennials, thereby offering new
tools for breeding and cultivation strategies that leverage SL biosyn-
thesis and signaling mechanisms in fruit crops.

2 | MATERIALS AND METHODS

2.1 | Plant material and RNA isolation

SL biosynthesis primarily occurs in roots (Booker et al., 2005). For our
study, we obtained conventionally grown 2-month-old “Ayvalik” and
“Domat” cuttings from the Edremit Directorate of Olive Production
Station (Edremit, Balikesir). Fresh roots from the “Ayvalik” cuttings
were collected. For the “Domat” cultivar, owing to its HR nature, we
collected only the basal portion of the cuttings (approximately .5 cm
from the base) as described by Porfirio et al. (2016). Additionally, api-
cal buds, lateral buds, and leaves from three different trees of each
cultivar were collected. Total RNA isolation from these tissues was
performed using the Purelink RNA Mini Kit (Invitrogen—12183018A)
and TRIzol® Reagent (Thermo Fischer—15596026). The quantities of
RNA were measured with a Qubit 2.0 (Thermo Fischer) fluorometer,

and band integrities were checked with agarose gel electrophoresis.

2.2 | Primer design

Gene-specific primers for RACE and expression studies were designed
using Geneious R8 (Kearse et al., 2012). Initially, partial transcript
reads of olive were downloaded from available databases (NCBI
[National Center for Biotechnology Information], Phytozome) and
then imported into Geneious R8. The design of olive-specific primers
was guided by the following criteria: GC content between 40% and
60%, melting temperature (Tm) between 57 and 63°C, primer length
between 18 and 27 base pairs (bp), and for real-time PCR studies, a
product size between 80 and 150 bp. Additionally, for RACE studies,
multiple primers were selected for each gene to ensure specific and

accurate amplification (refer to Tables S1-S4 and Figure S1).

2.3 | RT-PCR studies of RACE

We employed classical RACE protocols to amplify the 3’ and 5
ends of the “Ayvalik” transcripts (Scotto-Lavino et al., 2006a, 2006b).

" SOCIETY FOR EXPERIMENTAL BIOLOGY

For 3’ ends, cDNA was synthesized using an oligo-dT adapter
primer (5'-CCAGTGAGCAGAGTGACGAGGACTCGAGCTCAAGCTTT
TTTTTTTTTTTTTT-3'), and for 5’ ends, cDNA synthesis was conducted
with GSP1 (Gene Specific Primer1) for each gene. Utilizing 5 ug of
DNase-treated total RNA (DNase |, RNase-free—Thermo Fischer
Scientific—EN0525), cDNA was synthesized following the instructions
of the High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, 4368814). Although oligo-dT-derived cDNA is ready for 3’ end
studies, additional steps were required for GSP1-derived cDNAs for 5’
ends. These cDNAs were purified (Scotto-Lavino et al., 2006b) using
the GenelET PCR Purification Kit (Thermo Fischer, KO701) and subse-
quently treated with terminal transferase (Terminal Deoxynucleotidyl
Transferase, Thermo Fischer, EP0161) to add a polyA tail. The resulting
cDNA templates were diluted to 1 mL with Tris-EDTA (pH 8.0) buffer
and stored at 4°C until use.

At least two rounds of RT-PCR were performed for 3’ or 5
RACE using 1 pL of the cDNA templates. The first PCRs for 3' RACE
employed GSP1 and adapter primers (5-CCAGTGAGCAGAGT-
GACG-3' and/or 5'-GAGGACTCGAGCTCAAGC-3'). The first PCR
products were then used in nested PCRs with GSP2, GSP3, or GSP4
primers to identify the specific product of interest. For 5 RACE, the
first PCRs used GSP2 and oligo-dT adapter primers, followed by a sec-
ond round of amplification with adapter primers and GSP3 or GSP4,
using the first PCR products as templates.

The first round of RT-PCRs included an initial denaturation step
at 98°C for 5 min, followed by annealing at 54-62°C for 30 s, and an
elongation step at 72°C for 40 min for synthesis efficiency (Scotto-
Lavino et al., 2006a). Subsequent RT-PCRs involved 36 cycles of 98°C
for 30 s, 54-62°C for 30 s, 72°C for 30 s/kb, and a final extension at
72°C for 10 min. The conditions for the second or third nested RT-
PCRs were similar. RT-PCRs were executed with Phusion High Fidel-
ity DNA Polymerase (Thermo Scientific, F530L) and products were
verified by 1% agarose gel electrophoresis. The accurate bands for
each gene were extracted from the gel using the PureLink® Quick Gel
Extraction Kit (K210012) and sequenced (Macrogen-Netherlands and
Medsantek-Turkey).

After acquiring the 3’ and 5’ ends, the interior parts of the tran-
scripts were also amplified. Primers for these regions were selected
using Geneious R8, and the PCR products were sequenced
(Macrogen, Netherlands, and Medsantek, Turkey). Sequence reads
were analyzed in Geneious R8 (Kearse et al., 2012). Transcripts were
filtered and trimmed with a .05 error limit based on their quality
scores. The filtered and trimmed reads were mapped to the reference
sequence (Sylvestris) for each gene. After assembly, consensus tran-
script sequences were compared against sequences from other plant
species using BLASTn in NCBI. Putative protein sequences were also

predicted from these transcripts.

2.4 | Bioinformatic studies

To identify the orthologs of SL biosynthesis and signaling genes, we
employed the BLASTp algorithm in Geneious R8 (Kearse et al., 2012).
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species, including olive “Sylvestris” and “Arbequina” cultivars, were
selected (Rao et al., 2021; Unver et al, 2017). These protein
sequences were aligned using the MUSCLE algorithm (Edgar, 2004) in
Geneious R8, adhering to the default parameters. Following align-
ment, phylogenetic trees were constructed for each gene using the
UPGMA algorithm in Geneious R8.

In addition, the molecular weights and isoelectric points (pl) of
the “Ayvalik” putative proteins were estimated using the ProtParam
tool on the ExPASy portal (https://web.expasy.org/protparam/;
Gasteiger et al., 2005). Subcellular localizations were predicted with
Deeploc-1.0 (https://services.healthtech.dtu.dk/services/DeepLoc-1.
0/; Almagro Armenteros et al., 2017), and conserved domain analysis
was performed using the InterPro tool (https://www.ebi.ac.uk/
interpro/; Mitchell et al., 2019).

Understanding the binding mechanisms between ligands and
receptors at the molecular level helps researchers comprehend the
structural basis of biological processes. Therefore, we performed
molecular docking experiments with the OeD14 protein by using
AutoDock Vina (Trott & Olson, 2010) to show the interaction
between OeD14 and rac-GR24 bioinformatically. To achieve our
objective, we initially acquired 3D conformer structures of 15 differ-
ent SL molecules (4-deoxyorobanchol, 5-deoxystrigol, Avenaol, Car-
lactone, Carlactonic acid, Heliolactone, Medicaol, Orobanchol, rac-
GR24, Solanacol, Sorgolactone, Sorgomol, Strigol, Strigone, and
Zealactone) from PubChem (https://pubchem.ncbi.nlm.nih.gov/) in
SDF (Structure-Data Files) format. For ligand preparation for dock-
ing, these SDF formatted SL files were converted into PDB
(Protein Data Bank) and subsequently into PDBQT (a modified PDB
format which includes atomic charges and atom types) format using
PyMOL (https://pymol.org/2/) and AutoDock Vina, respectively.
We then acquired the 3D structure of OeD14 using SWISS-
MODEL (Waterhouse et al., 2018) in PDB format, which was vali-
dated using VERIFY 3D (Lithy et al., 1992). Water molecules were
removed from the protein structure, polar hydrogen atoms and
Kollman charges were added using AutoDock Vina, and the protein
was saved in PDBQT format. Following the preparation of both
ligands and the protein, blind docking of all ligands against OeD14
was performed. Grid dimensions for the docking were set to
126, 126, 126 in x, y, and z axes, with the center grid box
coordinates at —16.516, 57.569, and —19.332 for x, y, and z,
respectively.  Post-docking,
BIOVIA Discovery Studio

studio-visualizer-download).

results were visualized using

(https://discover.3ds.com/discovery-

Being a member of the a/p hydrolase superfamily, D14 proteins
possess a highly conserved catalytic Ser-Asp-His triad, essential for
hydrolase activity (Nakamura et al., 2013). To this end, we retrieved
D14 protein sequences of rice, poplar, A. thaliana, petunia, and tomato
from the NCBI database (XP_015631400.1, XP_002302409.1,
NP_566220.1, J9U5U9.1, and XP_004238093.1, respectively). These
sequences were aligned with the “Ayvalik” cultivar protein sequence
using the MUSCLE algorithm in Geneious software, highlighting the
conserved catalytic triad.

In addition to docking, we performed 3D modeling studies to
compare A. thaliana and O. europaea SL biosynthesis and signaling
protein structures. We obtained A. thaliana protein sequences from
The Arabidopsis Information Resource (TAIR) and O. europaea SL pro-
tein sequences from the NCBI database. We used the SWISS-MODEL
(https://swissmodel.expasy.org, Waterhouse et al., 2018) tool with
default parameters.

Furthermore, we analyzed 1500 bp upstream of the genomic
sequences for promoter analysis. Investigating promoter regions
offers crucial insights into the mechanisms governing gene expression
and hormone receptor interactions, predominantly through transcrip-
tion factors. To this end, we used A. thaliana genomic sequences as a
reference and sourced annotated genomic data of wild olive
(O. europaea var. Sylvestris) from Unver et al. (2017). We isolated the
1500 bp region upstream of the first exon for each gene. The regula-
tory elements in these promoter regions were identified using the
PlantCARE tool
plantcare/html/; Lescot et al., 2002).

(http://bioinformatics.psh.ugent.be/webtools/

2.5 | Gene expression studies

We examined the expression profiles of genes responsible for the bio-
synthesis and signaling of SLs (OeMAX1, OeMAX2, OeMAX3, OeMAX4,
OeD14, and OeD27) in the Ayvalik and Domat olive cultivar tissues
using the Real-Time PCR SYBR Green | method. The tissues, including
roots/basal portion of the cuttings, leaves, apical buds, and lateral
buds, were collected from three different trees/seedlings at the Edre-
mit Directorate of Olive Production Station (Edremit, Balikesir). RNA
was isolated from these biological replicates, and cDNA was synthe-
sized with random primers as per the manufacturer’s instructions
(High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems,
4368814).

Primers for these genes were selected using olive transcripts with
the Geneious R8 software (Kearse et al., 2012). Initially, the efficiency
of each primer pair was assessed. For this, we prepared a serial dilu-
tion (1, 1:10, 1:100, 1:1000, 1:10000, and 1:100000) of a pooled
cDNA sample (comprising root, leaf, and bud tissues) for each primer
pair. The gPCR reactions were conducted using these cDNAs, specific
primer pairs, and SYBR Green Master Mix (Power SYBR Green PCR
Master Mix, 1604522). Three technical replicates were performed,
and standard curves were constructed using the mean CT (threshold
cycle) values of each primer pair in Excel. The slope of the curve and
the correlation coefficient were calculated, and the reaction efficiency
for each primer pair was determined using the formula:
(10¢-/5loPe) _ 1)  100. Primers with an efficiency between 90% and
110% were selected for qPCR reactions. Each expression study
included three biological and technical replicates. The PCR conditions
were set to 10 min at 95°C, followed by 40 cycles of 15 s at 95°C,
1 min at 60°C, and 1 min at 72°C. Melt curve analysis was performed
to ensure product specificity. Negative RT control reactions without
reverse transcriptase and negative controls without cDNA template

were also included. Normalization of the reactions was performed
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using UBC1 (Ubiquitin-conjugating enzyme) and CLATHRIN (Clathrin
adaptor complex medium subunit) primers, as described in our previ-
ous study (Hurkan et al., 2018). Results of relative gene expression
were analyzed according to the methods of Pfaffl (2001, 2004) and
Vandesompele et al. (2002).

2.6 | Tissue culture studies
For tissue culture, plant materials from the ER “Ayvalik” cultivar
(ER) and HR “Domat” cultivar (HR) were obtained from the Edremit
Olive Production Station Directorate (Edremit/Balikesir/Turkey). Olive
fruits were manually harvested from trees in October 2018
(Figure 2a). After removing the exocarp, fleshy mesocarp, and stony
endocarps, the seeds were extracted (Figure 2b). These seeds under-
went a sterilization process, initially treated with 70% ethanol for
1 min and subsequently with 20% (v/v) commercial bleach for 20 min.
Following this, the seeds were rinsed three times with sterile water
and soaked overnight in sterile distilled water. The sterilization steps
were repeated the next day. The surface-sterilized seeds were then
aseptically placed in Petri dishes containing MS medium (Murashige &
Skoog, 1962) supplemented with .8% (w/v) agar and 3% (w/v) manni-
tol (D-Mannitol, Duchefa, M0803) (Garcia et al, 2002; Leva
et al., 1994) and PGRs. Each group initially started with 50 seeds/
embryos (n), though this number decreased over time in some groups
due to contamination. Nevertheless, a minimum of five individuals per
group was maintained for statistical analysis. We cultured whole
seeds and embryos without testa and endosperm, as endosperm has
been reported to delay germination in some olive -cultivars
(Voyiatzis, 1995) (Figure 2c-e). The growth regulators (rac-GR24 and
TIS108), dissolved in DMSO and filter sterilized, were added to the
medium after autoclaving. Explants were subcultured every 4-8 weeks
in a laminar flow hood.

The effects of rac-GR24 and TIS108 at various concentrations
(1, 5, and 10 uM) were evaluated based on previous studies on differ-
ent plant species (Hamiaux et al., 2012; Ruyter-Spira et al., 2011),
including control groups without PGRs. The explants underwent ver-
nalization at 10°C for 4 weeks in the dark, then transferred to a plant
growth chamber at 21°C with a 16/8 h light/dark photoperiod under
white fluorescent light to initiate germination. After 4 weeks in cul-
ture, germination frequencies for PGR treatments were determined,
and root lengths were measured (Figure 2f). Subsequently, the
explants were transferred to magenta vessels under the same condi-
tions (Figure 2g) for another month, followed by transfer to pots con-
taining a peat/perlite mixture (3:1 v/v) in a growth chamber for an
additional 4 months (Fabbri et al., 2004) (Figure 2h). At the end of the
6-month culture period, to assess the effects of rac-GR24 and TIS108
on olive explants, the number of lateral branches and internode
lengths were measured (Figure 2i,)).

The variations in germination frequency and the number of lateral
branches between PGR treatments were analyzed and graphics were
generated in Excel. Statistical analyses for germination, lateral

branches, and shoot growth percentages are done with the Kruskal-
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Wallis test followed by Dunn’s post hoc test with Bonferroni correc-
tion at p < .05 level of significance, statistics for root and internode
lengths were performed using the one-way analysis of variance
(ANOVA) test followed by Tukey's post-test at p < .05 level of
significance, and statistics for gene expression data were done for
each tissue of two cultivars with independent-samples t-test at
p < .05 level of significance in the SPSS (Statistical Package for the
Social Sciences, v27) program.

We also evaluated the impact of rac-GR24 and TIS108 on olive
nodal explants used for micropropagation. The nodal explants were
sourced from 1-year-old trees of both the ER and HR cultivars
(Figure 3a). For each PGR treatment group, 16 nodal explants under-
went surface sterilization. Initially, the explants were cleansed under
running water for 2 h, followed by sterilization using 20 mg/L carben-
dazim (50%) for 30 min, 10% sodium hypochlorite, and .035% HgCl,
for 5 min. Subsequently, the explants were rinsed three times with
sterile distilled water before being transferred to olive medium
(OM) containing .4% (w/v) mannitol, 3% (w/v) agar, and .8% (w/v).
Each explant was placed in an individual tube measuring 25 mm in
diameter and 150 mm in length. Sterilized solutions of rac-GR24 and
TIS108 were added to the mediums in three concentrations (1, 5,
and 10 pM) post-sterilization. Zeatin (2 mg/L) served as a positive
control for lateral bud growth in each cultivar, while OMO medium
without any PGRs was used as the negative control.

3 | RESULTS
3.1 | Full-length cDNAs of SL biosynthesis and
signaling genes revealed by RACE studies

To ascertain the full-length mRNA sequences, we conducted RACE
studies for each gene. The 3’ and 5 ends of the transcripts were
amplified through a series of PCR steps. Initially, we amplified large
fragments of the transcripts using outer primers. Subsequently, using
the initial PCR products as templates and nested primers, the 3’ and
5" ends of the olive transcripts were amplified through additional
rounds of PCR. The PCR products, extracted from agarose gels, were
sequenced. The resulting reads were then assembled to the reference
sequence. The consensus sequence lengths for olive SL biosynthesis
and signaling genes ranged from 801 to 2262 bp (Table 1). These con-
sensus sequences were submitted to the NCBI database. Additionally,
we compared the identities of these sequences via BLASTn analysis
with those from the wild olive (Sylvestris cultivar) and A. thaliana
(Table 1).

3.2 | Phylogenetic analyses of putative proteins
show a conserved mechanism for the SL biosynthesis
and signaling genes

We aligned the putative olive protein sequences with those of other

plant species and constructed phylogenetic trees (Figures S2-S7). In
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FIGURE 2 (a) Olive fruits collected manually
from trees. (b) Seeds without exocarp, fleshy
mesocarp, and the stony endocarp. (c) Olive
seedlings derived from seeds, after 4 weeks in
culture. (d) Embryos without testa and the
endosperm. (e) Seedlings derived from embryos,
after 4 weeks in culture. (f) The measurements of
root lengths, after 4 weeks in culture. (g) Seedlings
sub-cultured in magenta vessels every 4-8 weeks in
culture. (h) 2-6 months old seedlings grown in pots
containing a peat/perlite mixture. (i) The
measurements of internode lengths. (j) The number
of lateral branches in 6-month-old olive plants.

these trees, the sequences of the “Ayvalik” olive cultivar clustered “Sylvestris” (XP_022854732.1, XP_022898986.1, XP_022862522.1,
closely with those of the “Sylvestris” and “Arbequina” cultivars. XP_022855437.1, XP_022870880.1, and XP_022872511.1) showed
Specifically, the SL biosynthetic and signaling proteins from close relationships with the “Ayvalik” proteins OeD27 (QMX78398.1),
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(a) Nodal explants aseptically cultured in olive medium. (b) Formation of lateral buds after 4 weeks in culture.

TABLE 1 Transcript information of olive “Ayvalik” obtained from RACE studies.

Total reads Consensus sequence (bp)
D27 9 801 MN917100
MAX3 13 1881 MN917103
MAX4 9 1603 MN917104
MAX1 8 1688 MN917101
D14 8 1013 MN917099
MAX2 11 2262 MN917102
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FIGURE 4 Phylogenetic trees of strigolactone (SL) proteins (red branches show olive proteins including putative Ayvalik cultivar protein

sequences).

OeMAX3 (QMX78401.1), 0OeMAX4 (QMX78402.1), OeMAX1
(QMX78399.1), OeD14 (QMX78397.1), and OeMAX2 (QMX78400.1),
respectively. These phylogenetic trees indicate that SL biosynthesis
and signaling mechanisms are conserved among olive cultivars and

across known plant species (Figure 4).

3.3 |
in olive

SL protein characteristics are conserved

Further bioinformatic analysis employing various tools delineated the
biochemical properties (molecular weight, isoelectric points, and



OZBILEN ET AL.

2 | WILEY—!

subcellular localizations) of the predicted proteins (Table 2). The

% American Society B
of Plant Biologists

" SOCIETY FOR EXPERIMENTAL BIOLOGY

results indicate that the amino acid lengths of the olive proteins are
similar to those of A. thaliana, and they share conserved domains. The
subcellular localizations of these proteins were consistent with their
functional roles.

According to our docking results, the binding affinities of the
ligands to the OeD14 protein ranged from —4.8 to —7.0 Kcal/mol
(Table S5). Ligands such as 4-deoxyorobanchol, 5-deoxystrigol, Ave-
naol, Medicaol, rac-GR24, Solanacol, Strigol, and Strigone exhibited
lower binding affinity values (<—6.5 Kcal/mol) with OeD14, suggest-
ing stronger interactions. Notably, only four of these ligands—4-deox-
yorobanchol, 5-deoxystrigol, Medicaol, and rac-GR24—interact with
the SL D-ring, implying that OeD14 can interact with both natural and
synthetic SLs.

In the olive, the position of the catalytic triad was identified at
Ser:96—Asp:217—His:246, and this configuration was conserved
(Figure 5). The catalytic triad is situated within the central deep
pocket of D14 proteins (Kagiyama et al., 2013). The conserved posi-
tion of the catalytic triad in the olive protein and the bioinformatic
docking site of rac-GR24 with OeD14, where the D-ring interacts

with the asparagine residue at the 156th position, are depicted in
Figure S8.

When we compared A. thaliana and O. europaea SL biosynthesis
and signaling protein structures, we observed that the 3D structures
of these proteins were highly similar, indicating the conservation of SL
biosynthesis enzymes among plants (Table S6).

3.4 | Promoter analysis suggests a crosstalk
between SLs and other plant hormones in olive

The upstream regions, extending 1500 bp from the start codon, were
analyzed to identify regulatory promoter elements for each gene using
the PlantCARE tool. We identified 70 different cis-acting elements
predominantly related to environmental stress, light, and hormone
responses.

The abscisic acid response element (ABRE) was present in all the
investigated promoter regions. Additionally, a second ABRE element,
ABRE4, was detected in the promoter regions of OeMAX4, OeD14, and
OeD27. Gibberellin-responsive elements were also identified: the

TABLE 2 Characteristics of “Ayvalik” putative strigolactone (SL) proteins.

Amino acid Molecular Theoretical Subcellular

length (aa) weight (Da) pl localization
D27 253 28,954.92 9.05 Plastid
MAX3 437 50,273.14 8.88 Plastid
MAX4 418 46,233.77 5.74 Plastid
MAX1 449 50,632.59 9.14 Peroxisome
D14 266 29,345.75 6.11 Cytoplasm
MAX2 677 76,032.85 5.40 Nucleus

1. Oryza sativa

2. Populus trichocarpa

3. Arabidopsis thaliana

4. Olea europaea cv. Ayvalik
5. Petunia x hybrida

6. Solanum lycopersicum

1. Oryza sativa

2. Populus trichocarpa

3. Arabidopsis thaliana

4. Olea europaea cv. Ayvalik
5. Petunia x hybrida

6. Solanum lycopersicum

1. Oryza sativa

2. Populus trichocarpa

3. Arabidopsis thaliana

4. Olea europaea cv. Ayvalik
5. Petunia x hybrida

6. Solanum lycopersicum

1. Oryza sativa

2. Populus trichocarpa

3. Arabidopsis thaliana

4. Olea europaea cv. Ayvalik
5. Petunia x hybrida

6. Solanum lycopersicum

1. Oryza sativa

2. Populus trichocarpa

3. Arabidopsis thaliana

4. Olea europaea cv. Ayvalik
5. Petunia x hybrida

6. Solanum lycopersicum

Identity to
Conserved domain Arabidopsis thaliana
Cytochrome B-carotene isomerase D-27 like  41.5%
Cytochrome carotenoid oxygenase 62.2%
Cytochrome carotenoid oxygenase 70.6%
Cytochrome P450 superfamily 73.1%
o/p hydrolase_1 superfamily 76.6%
Leucine-rich repeat domain superfamily 52.6%
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FIGURE 5 The alignment of homologous proteins of rice (Oryza sativa), Populus trichocarpa, Arabidopsis thaliana, petunia, and tomato
(Solanum lycopersicum) with the olive (Olea europaea) Ayvalik cultivar protein. The red dots indicate the conserved amino acids of the Ser-Asp-His

catalytic triad.
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GARE-motif in OeMAX1 and OeD14; the P-BOX in OeMAX3, OeMAX4,
and OeD14; and the TATC-BOX in the OeD14 promoter region.

The TCA-element, associated with salicylic acid responsiveness,
was found in the promoter regions of OeMAX1, OeMAX2, and OeMAX4.
In terms of auxin responsiveness, the TCA motif was detected in
OeMAX1, OeMAX4, and OeD14, while another auxin-responsive ele-
ment, the TGA-element, was found in OeMAX3, OeMAX4, and OeD14.
Additionally, the TGACG motif, which is indicative of methyl jasmonate
responsiveness, was present in the promoter regions of OeMAX1,
0OeMAX3, OeMAX4, OeD14, and OeD27.

3.5 | Expression of SL biosynthesis and signaling
genes is primarily determined in roots/lateral buds

The expression levels of olive SL biosynthesis and signaling genes
(OeMAX1, OeMAX2, OeMAX3, OeMAX4, OeD14, and OeD27) in vari-
ous tissues, including roots/basal portion of the cuttings, leaves, apical
buds, and lateral buds, were investigated using quantitative real-time
PCR. In this study, primer pairs with efficiencies ranging from 92.5%
to 99.4% were used (Figures S9-514), and melt curve analysis con-
firmed the presence of a single PCR product (Figure S15).

We observed that the expression levels of OeSL biosynthetic
genes (0eD27, OeMAX3, OeMAX4, and OeMAX1) were higher in the
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roots of the ER cultivar compared with other tissues (Figure 6). Addi-
tionally, for the HR cultivar, MAX3 and MAX4 showed higher expres-
sion in the basal portion of the cuttings. These findings suggest that
SL biosynthesis primarily occurs in the roots of olive trees. Moreover,
the expression levels of these SL biosynthesis genes in the root/basal
portion of the cutting tissues were significantly lower in the HR culti-
var compared with ER.

The OeSL perception and OeD14 and
0OeMAX2, were expressed in all the examined tissues. OeD14, encoding

signaling genes,

an o/p hydrolase involved in SL perception, and OeMAX2, a member of
the SCF-ubiquitin complex, exhibited higher expression in lateral buds
compared with other tissues in both cultivars (Figure 7). This indicates
that OeSL perception and signaling mainly occur in lateral buds. Fur-
thermore, significant differences in SL signaling gene expression were

only observed in the leaf tissues between the ER and HR cultivars.

3.6 | rac-GR24 and TIS108 have cultivar specific
effects and can be used for propagation of some hard-
to-root olive cultivars in tissue culture conditions

In vitro experiments were conducted to determine the effects of rac-
GR24 (a synthetic SL) and the SL inhibitor TIS108 on the germination
and development of seeds and plants. Doses of 1, 5, and 10 uM were
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FIGURE 6 Quantitative real-time PCR expression profiles of olive strigolactone (SL) biosynthesis genes in apical and lateral buds, leaves, and
roots of easy-to-root (ER)/the basal portion of the cuttings (BPC) of hard-to-root (HR). The statistical significance is determined by the
independent-samples t-test at p < .05 level of significance (*) for each tissue of two cultivars, and error bars represent the standard error of

the mean.
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FIGURE 7 Quantitative real-time PCR expression profiles of olive strigolactone (SL) signaling genes in apical and lateral buds, leaves, and
roots of easy-to-root (ER)/the basal portion of the cuttings (BPC) of hard-to-root (HR). The statistical significance is determined by the
independent-samples t-test at p < .05 level of significance (*) for each tissue of two cultivars, and error bars represent the standard error of

the mean.
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FIGURE 8 Germination percentages of seeds and embryos of easy-to-root (ER) and hard-to-root (HR). The statistical significance is
determined by the Kruskal-Wallis test followed by Dunn’s post hoc test with Bonferroni correction at p < .05 level of significance (*), n = 35-50.

applied to the explants. Additionally, we analyzed root lengths, the
number of lateral branches, and internode lengths.

The germination frequency of ER seeds treated with rac-GR24
was higher compared with the control group (Figure 8). Notably,
5 and 10 pM rac-GR24 treatments significantly increased the germi-
nation percentage in ER. In contrast, when ER seeds were treated
with TIS108, their germination frequency was similar to that of the
control group. However, embryos treated with either rac-GR24 or
TIS108 did not exhibit improved germination compared with the con-
trol group for ER (Figure 8). Interestingly, the germination frequency

of HR seeds increased significantly when treated with the highest
concentration of rac-GR24 but decreased with the same concentra-
tion of TIS108 (Figure 8). The highest germination rate among the
application groups was observed in HR embryos (74%) cultured on
MS medium supplemented with 5 uM TIS108, indicating a positive
effect of TIS108 on HR embryos, a response not observed in ER
embryos.

Root lengths were measured after 4 weeks of culture. For the ER
control group, average root lengths were 4.15 + 1.25 cm for seed-
derived seedlings and 3.36 +.28 cm for embryo-derived seedlings
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(Figure 9). When treated with various concentrations of rac-GR24 or
TIS108, average root lengths for seed-derived seedlings in the ER cul-
tivar ranged from 1.5 to 4.4 cm and 1.5 to 2.7 cm, respectively. For
embryo-derived seedlings, the lengths varied between 3.2 and 4.1 cm
and 3.3 and 4.3 cm, respectively, for rac-GR24 or TIS108. In the HR
control group, average root lengths were 3.58 + 1.12 cm for seed-
derived seedlings and 4.82 + .49 cm for embryo-derived seedlings
(Figure 9). seed-derived HR
seedlings varied between 1.4 and 3.7 cm and .8 and 4.6 cm when
treated with rac-GR24 and TIS108, and for embryo-derived HR seed-
lings, the lengths ranged from 2.8 to 4.1 cm and 3.9 to 6 cm, respec-

The average root lengths for

tively. Notably, HR embryos cultured on MS medium supplemented
with 5 uM TIS108 exhibited the highest root lengths among all appli-
cation groups, averaging 6 cm. However, no statistically significant dif-
ference was observed between the control and treatment groups for
both ER and HR in terms of root lengths. Furthermore, the average
root lengths of embryo-derived seedlings were consistently higher
than those of seed-derived seedlings for both cultivars.

We also assessed the number of lateral branches and measured
the internode lengths in 6-month-old plants derived from both seeds
and embryos treated with rac-GR24 and TIS108. In the ER cultivar,
the average number of lateral branches per individual was .083 and .4
for the control groups of seed-derived and embryo-derived seedlings,
respectively (Figure 10). For seed-derived seedlings treated with rac-
GR24 and TIS108, the range of lateral branch numbers varied from
0 to .4 and .25 to 1, respectively. For embryo-derived seedlings, these
numbers ranged from .07 to .4 and .1 to 4, depending on the concen-
tration of PGRs. Notably, in seed-derived seedlings, 1 uM rac-GR24
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and 1-10 uM TIS108 treatments significantly increased the number
of lateral branches, whereas no lateral branches were observed with
5 UM rac-GR24 treatment. Additionally, 1 and 5 uM rac-GR24 and
1 uM TIS108 treatments significantly reduced the number of lateral
branches in embryo-derived ER seedlings. For the HR cultivar, the
average number of lateral branches per individual was .75 and 2.56
for the control groups of seed-derived and embryo-derived seedlings,
respectively (Figure 10). The lateral branch numbers for seed-derived
seedlings treated with rac-GR24 and TIS108 varied between O and
1.7 and 2 and 3.1, while for embryo-derived seedlings, these numbers
ranged from .4 to .7 and .4 to 1.2, respectively. The only treatment
group in seed-derived HR seedlings showing a statistically significant
increase in lateral branches compared with the control was the one
treated with 10 uM TIS108. Conversely, all rac-GR24 and TIS108
treatments, except for 1 uM TIS108, significantly decreased the num-
ber of lateral branches in embryo-derived HR seedlings.

We subsequently measured the internode lengths of ER and HR
seedlings. In the ER control group, the average internode length was
409 +.2 cm for seed-derived seedlings and 5.07 +.31cm for
embryo-derived seedlings (Figure 11). When treated with various con-
centrations of rac-GR24 or TIS108, the average internode lengths for
ER seed-derived seedlings varied between 4.4 and 4.9 cm and 3.9 and
6 cm, respectively, while for embryo-derived seedlings, they ranged
from 4.8 to 5.2 cm and 4.8 to 5.8 cm. However, no statistically signifi-
cant differences were observed between the control and treatment
groups of the ER cultivar in terms of internode lengths. In the HR con-
trol group, the average internode lengths were 6.05 +.51 cm for

seed-derived seedlings and 5.85 * .3 cm for embryo-derived seedlings
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FIGURE 9 Average root lengths of seed and embryo-derived seedlings of easy-to-root (ER) and hard-to-root (HR). The statistical significance
is determined by the one-way ANOVA test at p < .05 level of significance (*), n = 5-34, and error bars represent the standard error of the mean.
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(Figure 11). For HR seedlings treated with rac-GR24 and TIS108, the
average internode lengths for seed-derived seedlings ranged from 4.3
to 5.9 cm and 5.3 to 5.8 cm, respectively, while for embryo-derived
seedlings, they varied between 3.9 and 5.3 cm and 4 and 4.6 cm.
Though there were no significant differences for seed-derived seed-
lings, for embryo-derived HR seedlings, significant differences in inter-
node lengths were observed for the 10 puM rac-GR24, 1 uM, and
5 uM TIS108 groups compared with the control group.

The effects of 1, 5, and 10 uM rac-GR24 and TIS108 on nodal
explants of ER and HR were evaluated after 4 weeks in culture
(Figure 3b). Lateral buds were observed in 28.6% of ER and 58.8% of
HR explants in total, cultured on OM supplemented with rac-GR24
and TIS108. However, the lateral bud formation varied with the con-
centrations of rac-GR24 and TIS108. OM supplemented with 1 uM
TIS108 produced the highest number of lateral buds in the HR cultivar
(30.8%), while the same concentration for ER resulted in significantly
fewer lateral buds (6.3%), suggesting that TIS108 may be effective for
the micropropagation of HR olive cultivars in vitro (Figure 12). Zeatin
was used as the positive control for statistical analysis because no

shoot growth was observed in the ER cultivar on OMO.

4 | DISCUSSION

The bioinformatic analysis of the promoter regions of SL genes in
olive revealed the presence of response elements to environmental
stress and other hormones. The relationship between light response
and SL has been previously explored in various plants including
A. thaliana, tomato, rice, cucumber, and chrysanthemum (Hu
et al., 2010; Koltai et al., 2011; Mashiguchi et al., 2009; Mayzlish-Gati
et al., 2010; Thula et al., 2023; Wen et al., 2016; Zhou et al., 2022).
Studies have shown that transcript levels of SL genes are influenced
by different light conditions (Koltai et al., 2011; Wen et al., 2016), and
exogenous SL can regulate light-responsive genes (Mashiguchi
et al., 2009; Mayzlish-Gati et al., 2010) as well as plant growth and
adaptation (Hu et al., 2010; Thula et al., 2023; Zhou et al., 2022). This
suggests that SL promoter elements in olives might play a role in light

response. Additionally, previous research has indicated crosstalk
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between SLs and other hormones in shoot branching (Foo
et al.,, 2005; Ito et al., 2017; Liu et al., 2015; Yi et al., 2023; Yu
et al., 2021). For instance, SLs act as positive regulators in disease
response in cotton through hormonal crosstalk (Yi et al., 2023). Tran-
script levels of SL biosynthesis and signaling genes can be modulated
by auxin, abscisic acid, or gibberellin (Foo et al., 2005; Ito et al., 2017
Liu et al., 2015), and SLs interact with auxin at the protein level in
tomato (Yu et al, 2021). Therefore, the response elements found
in olive SL gene promoters might be implicated in this hormonal regu-
lation. Moreover, environmental stresses such as drought, salinity, or
heat impact SL biosynthesis and signaling (Ha et al., 2014; Toh
et al., 2012). Exogenous SL treatment has been shown to enhance tol-
erance to abiotic stress (Chen, Xu, et al., 2022; Zhang et al., 2022;
Zheng et al., 2021), suggesting that SL promoter motifs in olive might
play a role in managing environmental stress. Furthermore, docking
results revealed the lowest binding affinity value (—7.0 Kcal/mol) and
D-ring interaction of Medicaol (isolated from Medicago truncatula,
Tokunaga et al., 2014) with OeD14. This suggests that olives might
possess species-specific canonical orobanchol-type SL.

The SL biosynthetic and signaling genes have been previously
identified in a woody plant poplar (Czarnecki et al., 2014; Zheng
et al., 2016), and our study provides additional evidence that the SL
biosynthesis pathway is conserved in woody perennials. Transcripts
from the “Ayvalik” cultivar showed a 99%-100% match with those of
the olive “Sylvestris” cultivar, indicating conservation of SL genes
among olive cultivars.

We observed that SL biosynthetic gene expression levels (D27,
MAX3, MAX4, and MAX1) were high in the root/basal portions of cut-
tings of both ER and HR olive cultivars, with the exception of D27 and
MAX1 in HR. Similarly, these genes have been highly expressed in the
roots of various plant species such as rice, A. thaliana, M. truncatula,
pea, petunia, tomato, poplar, and chrysanthemum (Booker
et al., 2004; Czarnecki et al., 2014; Drummond et al., 2009; Foo
et al., 2005; Johnson et al, 2006; Kohlen et al., 2012; Liang
et al., 2010; Lin et al., 2009; Liu et al., 2011; Mashiguchi et al., 2009;
Snowden et al., 2005; Sorefan et al., 2003; Vogel et al., 2010). Fur-
thermore, the expression levels of SL signaling genes (D14 and MAX2)
were notably high in the lateral bud tissues of both ER and HR olive

Shoot Growth of ER and HR
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cultivars. This pattern aligns with findings in other plant species,
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with D14 being highly expressed in rice, petunia, and poplar (Arite
et al., 2009; Hamiaux et al., 2012; Zheng et al., 2016), and MAX2 in
A. thaliana, pea, chrysanthemum, and poplar (Czarnecki et al., 2014;
Dong et al., 2013; Johnson et al., 2006; Stirnberg et al., 2007). Our
results are consistent with these previous studies, supporting the
notion that the higher expression of SL signaling genes in lateral
buds may be indicative of the role of SLs in controlling shoot
branching in olives.

SL biosynthetic gene expressions were found to be significantly
lower in the basal portion of the cuttings in HR cultivars compared
with ER roots. However, SL signaling genes showed higher expression
in the lateral buds of HR compared with ER. This suggests cultivar-
specific differences in SL levels. Previous research has indicated that
SLs can inhibit adventitious rooting (Rasmussen et al., 2012). The
combination of high signaling gene expression in lateral buds, reduced
SL biosynthesis in the basal portion of HR cuttings, and comparatively
higher SL biosynthesis in lateral, apical, and leaf tissues suggests that
the HR olive cultivar may have higher SL levels than ER. These ele-
vated SL levels in HR could potentially contribute to the inhibition of
adventitious rooting in HR woody plants.

In several plant species, including rice (Lin et al., 2009), tomato
(Al-Amri et al., 2023; Lopez-Raez et al., 2008), maize, sorghum, proso
millet (Siame et al., 1993), pea (Xie et al., 2009), and A. thaliana
(Goldwasser et al., 2008), SLs released from roots have been reported
to stimulate the germination of parasitic plant seeds. Our results
showed an increase in germination frequency when olive seeds were
treated with rac-GR24, though this effect was not evident in embryos.
This suggests that rac-GR24 could be beneficial for genotypes with
seed germination issues. Conversely, high concentrations of TIS108
reduced the germination frequency of both seeds and embryos. While
TIS108 has been previously noted to promote the germination of par-
asitic plant seeds (Bao et al., 2017), it significantly decreased olive
seed germination in our study compared with the control group.

The impact of rac-GR24 on main root length has been documen-
ted in model plants, where SL analog GR24 application increased pri-
mary or seminal root length in A. thaliana and rice (Richmond
et al., 2022; Ruyter-Spira et al., 2011; Sun et al., 2014). For instance,
A. thaliana plants treated with 1.25 and 2.5 uM GR24 exhibited
extended main root lengths, whereas higher concentrations (5 and
10 uM GR24) resulted in shorter roots (Ruyter-Spira et al., 2011).
Consistent with this, according to our results, root lengths in ER
seed-derived seedlings decreased when treated with 10 uM rac-
GR24 compared with the control group. Additionally, the TIS108
application similarly reduced root lengths, echoing observations in SL
biosynthetic mutants (Drummond et al., 2009; Guan et al., 2012).
Variations in responses to rac-GR24 and TIS108 treatments across
different cultivars and explant types suggest that the effects of SL on
main root length are likely species-specific or dependent on growth
conditions.

Previous studies have demonstrated that SL mutants exhibit
increased branching compared with wild-type plants across many spe-
cies (Chen, Wang, et al., 2023; Gomez-Roldan et al., 2008; Guan

et al., 2012; Hamiaux et al., 2012; Umehara et al., 2008). In our study,
lateral branch numbers per individual were significantly inhibited by
rac-GR24 in embryo-derived seedlings, and in some concentrations,
completely suppressed in groups of seed-derived seedlings. Con-
versely, TIS108 applications significantly increased branching in seed-
derived seedlings. A similar increase in branching was observed in
A. thaliana treated with 1 and 3 uM TIS108 (Ito et al., 2013). These
findings suggest that both SLs and their inhibitors can potentially
modulate branching patterns in olives. However, for HR seedlings
derived from embryos, both rac-GR24 and TIS108 inhibited branch-
ing, indicating the importance of genotype.

In the ER cultivar, internode lengths were consistent across all
treatment and control groups. This is in line with a study on rice
where 1 uM GR24 application did not significantly alter plant height
(Nakamura et al., 2013), however, the plant height increased as a
result of the 2 uM GR24 application (Umehara et al., 2008).
Additionally, in pea, a 3 UM GR24 application did not significantly
affect internode length (de Saint Germain et al., 2013). For HR, only
embryo-derived seedlings treated with 10 uM rac-GR24, 1 uM, and
5 uM TIS108 exhibited statistically significant shorter internode
lengths than the control group. Although the reduction in internode
length with 10 uM rac-GR24 was unexpected, similar outcomes with
TIS108 are consistent with observations in SL biosynthesis or signal-
ing mutants of other species, such as petunia (Snowden et al., 2005),
pea (de Saint Germain et al., 2013), rice (Du et al., 2023; Lin
et al., 2009), maize (Guan et al., 2012), and tomato (Lu et al., 2023),
where internode distances or plant heights decreased compared with
wild-type plants.

For the applications of rac-GR24 and TIS108 on nodal explants,
the most effective results were observed with OMO medium supple-
mented with 1 uM TIS108 in HR explants, achieving a 30.8% success
rate. While the shoot growth rates were lower compared with those
with zeatin applications, these findings demonstrate the potential of
TIS108 to induce lateral bud growth in the HR cultivar. This suggests
that SL inhibitors could be useful for propagating other HR olive culti-
vars. However, the same effect was not observed in the ER cultivar,
indicating a cultivar-specific response mechanism. Similarly, recent
reports have highlighted the positive impact of TIS108 on shoot
regeneration in woody plants (Asghar et al., 2022).

In conclusion, the molecular characterization of SL genes in olives
is of critical importance, especially considering the long periods typi-
cally required for conventional breeding in woody plants. Our study
reveals that SLs can significantly influence lateral branching in olives.
Both ER and HR seed-derived seedlings exhibited increased branching
when treated with TIS108. These insights contribute valuable knowl-
edge towards the understanding of SLs in plant development and

offer potential strategies for olive cultivation and breeding.
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